OpenRiver
Student Research and Creative Projects
2020-2021

Grants & Sponsored Projects

9-1-2020

Developing Construction Materials from Recycled Composites,
Recycled Materials, and Recycling Technologies
Zijie Liu
Winona State University

Beckry Abdel-Magid
Winona State University

Follow this and additional works at: https://openriver.winona.edu/studentgrants2021

Recommended Citation
Liu, Zijie and Abdel-Magid, Beckry, "Developing Construction Materials from Recycled Composites,
Recycled Materials, and Recycling Technologies" (2020). Student Research and Creative Projects
2020-2021. 9.
https://openriver.winona.edu/studentgrants2021/9

This Grant is brought to you for free and open access by the Grants & Sponsored Projects at OpenRiver. It has been
accepted for inclusion in Student Research and Creative Projects 2020-2021 by an authorized administrator of
OpenRiver. For more information, please contact klarson@winona.edu.

REPORT – AMENDMENT – MODIFICATION FORM
The WSU IRB is responsible for monitoring ongoing human subjects research and any changes,
modifications, or significant events. Annual reports are required for full board review studies longer than
one year. Expedited review studies may require periodic status reports if mandated by the IRB.
Principal Investigator: Zijie Liu, Dr. Beckry Abdel-Magid
Study Title (as approved): Developing construction materials from recycled composites
IRBNet Project Number: 1490992-1
Report Type:

☐ Amendment / Modification
☐ Continuing Review
☒ Closure / Final Report
☐ Reportable Event or Incident
☐ Special Request to IRB
☐ Other (specify) Click or tap here to enter text.

1. Specify the number of adult, minor, and total subjects who have participated in the study to
date.
2 Number of adult subjects
0 Number of minor subjects (under 18 years old)
2 Total number of subjects (adults + minors)
2. Specify the number of vulnerable or special populations who have participated in the study
to date.
0 Marginalized groups
0 Economically or educationally disadvantaged
0 Impaired decision-making capacity
0 Pregnant women
0 Fetuses
0 Human ova
0 Prisoners
0 Other vulnerable groups (specify) N/A
3. Have any of the following occurred?
Yes
No
☐
☒
Change in study ending dates
☐
☒
Change in research procedures, instruments, surveys
☐
☒
Change in informed consent form(s)
☐
☒
Changes in treatment of human subjects
☐
☒
Unanticipated harm to human subjects
☐
☒
Unanticipated problems or adverse events
☐
☒
Changes in your or family’s business or financial situation which cause conflicts
☐
☒
Other (specify) Click or tap here to enter text.
4. If the response to any of the above was “Yes,” provide a brief description of the request
and/or the changes and your response to them. Upload appropriate documentation to the
new version of the IRBNet project package.

N/A

Developing Construction Materials from Recycled Composites
Recycled Materials and Recycling Technologies
By
Zijie Liu, Dr. Beckry Abdel-Magid
Composite Materials Engineering
Winona State University
Final Report
Student Research Project
Sponsored by WSU Undergraduate Student Research and Creative
Projects Grant
May 4, 2021

Recycled Materials and Recycling Technologies
Zijie Liu and Beckry Abdel-Magid
Abstract
This paper reviews the state of technology in recycling of coal fly ash, metal, glass, plastic and
composite materials has been conducted. This is closely related to our daily life, as recent estimates
indicate that more than 33 million tons of plastic are discarded each year, of which 6.5% are
recycled and 7.7% are burned. Similar amounts of materials are discarded every year, including
glass, metal and fly ash. Although much research has been performed on the recycling technologies
for different common waste materials, how to apply them in constructional field and how they
performed in application are quite new, with studies that are rapidly increasing in recently due to
China decided not to receive any materials waste from the US, which means a high portion of
discarded materials nowhere to be placed. In addition, just choosing to dispose of waste materials
by landfills not only causes new environmental pollution but also wastes available resources.
Therefore, from different aspects, such as the basic properties of materials, the technical means of
recycling, the applications, properties, and prices after recycling, this paper comprehensively
depict the circulation of these five materials.

Key words: fly ash, metal, plastic, glass, composite materials, recycling technologies,
application, properties, cost.

1. Introduction:
Today, the global waste crisis has become a global concern. The World Bank warned that
if urgent action is still not taken, global waste will increase by 70% at current levels by 2050.
At the same time, international financial institutions mentioned that in the next 30 years, the
global annual waste is expected to jump to 3.4 billion tons as well. It is estimated that at least
33% of global waste is handled through improper methods such as open dumping or
incineration. The poor and the most vulnerable groups are particularly affected because more
than 90% of waste is dumped or burned openly in low-income countries [1].
Take a comprehensive look at the ranking of the most waste materials in the landfill and
the ranking of the materials with the longest retention time in the landfill, glass, plastic, fly ash,
metal, composite materials and paper are among the best [2,3]. For example, 8.3 billion tons
of plastic are produced every year, and 6.3 billion tons of plastic are discarded every year. Less
than 10% of the waste plastics can be recycled, and nearly 80% of the waste plastics end up in
landfills or pile up in the form of garbage in the natural environment [4].
The conventional and primary disposal method is a burden to the environment and our
health. E-waste is a good example. A series of electronic devices such as televisions and
computers contain a large number of harmful substances, including mercury, arsenic, cadmium,
PVC, solvents, acids and lead. These substances overflow into the soil and groundwater with
the seepage. This is not only the destruction of the natural environment, but they can also cause
cancer and threaten our health [5].
So diverted waste treatment methods are desired. As far as the current situation is
concerned, some technologies only stay in the laboratory, because the strategies can be used
in realism must be based on its economic sustainability, technical feasibility, and a realistic

level of social support for the program [6]. Therefore, overcoming this complex problem is
both an opportunity and a challenge. In this work, we depict the basic properties of materials,
the technical means of recycling, the applications, properties, and prices after recycling of coal
fly ash, metals, glass, plastics and composites.
2. Coal fly ash recycling
2.1. Introduction
Fly ash, a very fine, powdery material is the side product of coal combustion. It
shows a color range from grey to black, and fly ash grains are usually spherical shape. The
partial size distribution of fly ash is very heterogeneous, and it is related to the type of coal
[7]. The model of fly ash grain is shown in the Figure 1.

Fig.1. Model of the fly ash grain [8]
Most of fly ash grains have SiO2, Al2O3, Fe2O3, and part of them have MgO, CaO,
Na2O, SO3 or K2O. The reason for these differences is low amount of chemical compounds

for one grain. Although there are quite some variety in the fly ash grains, the chemical
composition of fly ash from one boiler is stable [7].
It is estimated that the production of fly ash per year is about 4.2 · 108 tones.
Because it is considered as an environmental pollutant, it is mainly collected by
electrostatic precipitators, then it can be recycled or landfilled. Fly ash is estimated to
comprise about 50% of most of landfills in the U.S. [9].
There are so many kinds of classification standard for fly ash, such as based on
furnace construction, the type of fuel used in power boilers, method of collecting fly ash
and the type of coal where fly ash comes from. According to American Society for Testing
and Materials ASTM C618-12, the fly ash can be divided into Class F fly ash and Class
C fly ash. Class F which comes from older anthracite and bituminous coal has pozzolanic
properties in nature. If the cementitious compounds are the final products, cementing agent
or chemical activator was needed. Class C fly ash is from sub bituminous coal and younger
lignite. It has self-cementing property, which means without activator, it still can harden
and gain strength with water over time [7,10]. The chemical requirements which is used
to distinguish two kinds of fly ash are shown in Table 1.
Table 1 Chemical requirements according to ASTM C618-12 [11].
Class C

Class F

Silicon dioxide,
Aluminum oxide,
Iron oxide,

min. %

50.0

70.0

Sulfur trioxide
Moisture content
Loss in ignition

max. %
max. %
max. %

5.0
3.0
6.0

5.0
3.0
6.0

Generally during the pulverized coal combustion, amorphous takes up 90-95% of
the fly ash which mainly contains silicate glass [7]. Based on its physical, chemical and
mineralogical properties and large-scale production, fly ash is a useful raw material in
different applications, especially in construction industry.
2.2. Technology of recycling fly ash
There are two steps to recycle coal fly ash (CFA). The first step is magnetic
separation, and the second step is flotation. In terms of magnetic separation, there are dry
magnetic separation and wet magnetic separation. The main difference between them is
the addition of water in coal fly ash before magnetic separation. The recovery level
increases with increase in magnetic intensity. The purpose of this is to screen out the
magnetic material in the fly ash and reuse it. The remaining non-magnetic part goes to the
next step -- flotation. The main purpose of flotation is to separate unburned carbon,
because unburned carbon is considered to be a harmful impurity if coal fly ash is used as
an additive to cement. One of the most promising methods for recovering unburned carbon
from CFA is the froth flotation, which is based on the separation of hydrophobic materials
from hydrophilic ones. For this step, methyl isobutyl carbinol (MIBC) is used as a froth
(foaming agent), and diesel fuel is used as a collector [12].
2.3. Application of fly ash after recycling
Predominant application of CFA is concrete additives. Based on the pozzolanic
properties, it can replace clinker (main component of Portland Cement) or cementitious
products in concrete. Moreover, CFA is also can be applied in geotechnical field, which
includes grouting, asphalt filling, pavement base course, structural fill, lightweight
aggregates, soil amendment and other [7].

When the addition of fly ash is higher than 50%, it is called High Volume Fly Ash
(HVFA) concrete. Compared with concrete made with cement alone, adding HVFA
concrete has more advantages such as: improved workability, higher strength, dimensional
stability, electrical resistivity and resistance for chloride penetration [7]. By reducing the
amount of manufactured cement needed to produce concrete, fly ash accounts for
approximately 12 million tons of greenhouse gas emissions reductions each year [13].
Besides current applications, there are more potential application for CFA. First
one is in agriculture. Fly ash can act as soil additive for changing soil physical properties.
Fly ash C is usually responsible for raise the pH of soil. Although most of experiments
proved a positive effect on the application of fly ash in soil, reduction of bioavailability of
some nutrients still needs to be addressed. Therefore, using appropriate quantity and
quality of CFA in soil is indispensable [7].
Additionally, because of low price and easily availability, CFA is an ideal catalyst.
As it belongs to heterogeneous catalysis, it is better than homogenous catalysis because it
is easier to recover the catalysis after reaction [7].
Moreover, fly ash is used to be absorbents. It not only can be used as absorbent
directly instead of activated carbon to clean waste water or be applied in fuel gas
desulfurization operations, but also can be converted into zeolite, due to its high content
of aluminum and silica ions [7].
2.4. The properties of recycled fly ash
Because the most prominent application of fly ash is in concrete, there is plenty of
researches to reveal the properties of the concrete with recycled fly ash. The results of
tests conducted by Nath and Sarker indicated that concrete with fly ash decreased the

strength at the earlier stages compared to the control concrete. However, during the later
stages, they found that concrete with fly ash reached and exceeded the strength of control
concrete. Meanwhile, there is considerable research confirming that adding a minimum of
10 to 15 percent fly ash by weight of the total cementitious content in concrete can get a
high strength which cannot be acquired by using only Portland cement in concrete. Besides
increased strength, there is another advantage of the combination between fly ash and
concrete, which is the lower sorption. And this downward trend became more obvious
after six months. Resistance to chloride ion penetration was performed better both at one
month and three months. Therefore, there is high possibility to design high strength
concrete with reduced permeability [14].
2.5. The cost of recycled fly ash
Cement costs fluctuate in the range from approximately $50 to $75 per ton or 2.5
to 3.75 cents per pound. Fly ash prices range from $15 to $40 per ton or 0.75 to 2 cents per
pound. The point which is highly different from the Portland cement is the major portion
of the cost of fly ash is in transportation. That is to say that remote location from the fly
ash source could double or triple fly ash prices. The cement prices are also affected to a
certain extent by location [15].
3. Metal recycling
3.1. Introduction
Metals can be divided into ferrous and non-ferrous metals. Ferrous metals are
usually a combination of iron and carbon. The more common ferrous metals are carbon
steel, alloy steel, wrought iron and cast iron. The non-ferrous metals include aluminum,
copper, lead, zinc and tin. It is worth mentioning that precious metals are also non-ferrous

metals. These include gold, platinum, silver, iridium and palladium [16]. In principle,
metals can be circulated endlessly. However, due to current social behavior, such as design
process which is not conducive to product circulation, imperfect recycling technology and
thermodynamics of separation, this goal still cannot be achieved [17].
3.2. Technology of recycling metal
Before recycling steps, metals should be separated from the mixed recyclable
materials. Paper can be removed from the mixed stream at first. The second process is
called Eddy Current Separation, which can induce ferrous metals to break away from the
mixed material flow by passing current. This method also can float the aluminum in the
mixture to achieve the purpose of separating it from the plastic, although aluminum is not
magnetic [16]. For further processing, metals should be shredded, which is conducive to
promote the melting process because of the large surface to volume ratio after shredding.
In most cases, steel is processed into iron blocks and aluminum is converted into
aluminum foils [6]. In addition to common metals, such as iron and aluminum, there are
still other metals like lead which are commonly found in used electrical appliances. Their
recycling is also important.
For the recovery of lead, a reverberatory furnace is the first step, which is charged
with lead-containing pretreated materials. In this step, the lead compounds are reduced to
metallic lead bullion, which is also 98.99% Pb, and other materials are oxidized as slag.
The blast furnace is the second step for reducing the slag from reverberatory furnace. In
order to promote the furnace efficiency, fluxing agents is needed in this furnace, which
can be iron and limestone. Hard lead (Pb) is produced from the blast furnace operation,
which contains about 75–85 wt.% lead and 15–25 wt.% antimony, as well as 1–3 wt.%

lead. The blast furnace is continuously grubbed to recover lead and remove slag [6]. The
process is shown in Figure 2 below.

Pretreatment
Reductant
Reverberatory furnace

Slag

Soft lead (99.98% Pb)
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Fig. 2. Processes flow for secondary lead recovery [6].
Another metal recycling worth mentioning is copper recycling. Scrap iron or
plastics can be regard as the reducing agents of copper (Cu). Blast furnace is the first step
in pretreatment recycling, whose product is called black copper (70-85 wt.%). Then the
black copper is transferred to converter, where air or oxygen-enriched air is act as oxidant

for oxidation. Impurities from converter which includes Tin (Sn), Lead (Pb) and Zink (Zn)
are burned out and ferrous is removed as slag. The product of converter is blister copper
whose purity is 95 wt.%. The third step happens in an anode furnace, which can change
blister copper to anode copper by adding a reducing agent. Anode copper purity is 98.5
wt.%. For access to pure copper (99.99 wt.%), anode copper has to be further purified in
a sulfuric acid (H2SO4) electrolyte with other elements, such as Nickel (Ni), Zinc (Zn) and
Ferrous (Fe). The pure copper can be collected in the cathodes [6]. This process is shown
in Figure 3 below.

Pretreatment
Low grade scrap
(10-40 wt% Cu)
Reductant

Blast furnace
Black Cu (70-85 wt% Cu)
Converter
Blister Cu (~95 wt% Cu)

Reductant

Anode Furnace
Anode Cu (~98.5 wt% Cu)

Electrolytic Refinery

Electrolytic Refinery

Precious
Metals

Fig. 3. Processes flow for secondary copper recovery [6].

During the process of copper recycling, the anode slime from the copper
electrolysis process which is leached by pressure can be applied to recycle precious metals.
The leach residue is then dried and smelted in a precious metal furnace. Selenium (Se) is
recovered in smelt furnace. The remaining material, mainly silver, is cast into a silver
anode. In the subsequent high-strength electrolytic refining process, a high-purity silver
cathode and anode gold slime are formed. Then the anode gold slime is leached. And high
purity gold and palladium and platinum sludge are precipitated as well [6]. This process
is shown in Figure 4.

Copper anode slime

Leach

Smelter

Sliver electrolytic refining

Sliver

Anode slime

Gold, Platinum
Palladium

Fig. 4. Precious metals recovery process [6].
3.3. Application of metal after recycling
What has been released from recycling of copper includes high purity metal and
by-products like slag. For instance, the by-products of the copper secondary smelter can
be used as roof shingles, sand blasting and ballasts in railroads. While for the pure metal,

there are more application in various fields. First, recycled metals play an important role
in transportation industry, such as in roads building, tracks building and even for the
vehicles themselves [6]. Around 25% of the body of a car is made by recycled steel [18].
Nearly 80% of the frame of aircraft is made by recycled aluminum [6]. Another
area which consumes many recycled metals is home furnishings. This trend can be
attributed to the property that the metal can be melted into any desired appearance and then
reused to find a completely new shape, such as a chair made of a car hood, the desktop
made by big clock face and a drawer made of aircraft doors [19]. Recycled metals also are
used to make new food packaging, whose body marks with a sign to inform that it has been
recycled. The cycle which includes buying tin cans in the supermarket, use, recycling and
reuse may only need about 8 weeks. Most food cans contain at least a certain percentage
of scrap metal [20].
3.4. The properties of recycled metal
Metals can be recycled repeatedly with no degradation in properties, like recycled
steel is as strong and durable as new steel made from iron are [21]. Even though nearly
67% of new steel products are made by recycled steel, it is still essential to add some virgin
steel, because of the increasing requirement of steel products. Besides good mechanical
properties, using recycled metals is also environmental-friendly. Based on the estimation
from the Institute of Scrap Recycling Industries, using recycled scrap metals probably
reduces 300-500 million tons greenhouse gas emissions [22]. So compared with applying
raw materials, it is quite offering a much lower carbon footprint and more efficient
utilization of resources [23].

3.5. The cost of recycled metal
Recycling scrap metal saves money by reducing the cost of production during
manufacturing. Building products by using existing metals brought to recycling centers
offers a lot of savings benefits, including eliminating the need to mine or manufacture new
raw materials. Lower manufacturing costs help keep prices lower with enormous benefits
to consumers. There are clear cost benefits to recycling aluminum and metals, including
the savings in the amount of energy required in making a new product from scratch. In
other words, the best approach is taking an existing soup can and using the materials in it
to make a new one [24]. The summary of current prices of various post-consumed metal
is shown in Table 2.
Table 2. Overview of prices of various scrap metals for recycling [25].
Metal Type

Price

Scrap Aluminum

$0.07-$0.4/lb

Scrap Brass

$0.6-$1.6/lb

Scrap Circuit Board

$0.1-$29/lb

Scrap Copper

$0.35-$2.45/lb

Scrap Lead

$0.2-$0.3/lb

4. Plastic recycling
4.1. Introduction
With good toughness, strength, stress resistance, durability and unique electrical
insulation, plastic has become the preferred raw material for a number of products. Plastic
is mainly classified as thermoplastics and thermosets. Because thermosets cannot be

melted to process into new products, they are usually shredded into small pieces for
recycling. On the contrary, thermoplastic can be re-melted at high temperature and formed
into new products. Consequentially, more thermoplastic materials are recycled compared
to thermosets [6].
4.2. Technology
There are three main ways to recycle plastics as shown in Figure 5, namely chemical
recycling, mechanical recycling and thermal recycling. Chemical recycling is through
chemical decomposition to supply raw materials for petrochemical processes or the
reduction reaction system of metal smelters. Mechanical recycling is a process that uses
mechanical operations like grinding and shredding to cast new plastic products. Thermal
cycle is a main method of burning plastic to transfer waste plastic into an alternative fuel
[6].

Mixed plastics

Chemical
recycling

Mechanical
recycling

Thermal
recycling

Refinery or
metal smelter

Shredding, identification
and separation

Power generator
or cement kiln

New raw
materials

Pelletized new
products

Alternative fuel

Fig. 5. Recycling options for managing plastics from end-of-life products [6].
4.2.1. Mechanical recycling
An important step in mechanical recycling of plastic is to identify and separate
plastic materials from the mixing waste flow. However, accurate judgments of

additives and contaminants are often problematic. In addition, in the production
process of high-end products, their standards for the performance of raw materials are
consistent, that is identical to the performance of the original resin, which has become
one of the important reasons hindering the widespread use of recycled plastics [6].
The process of mechanical recycling is shown in Figure 5. The first step in plastic
recycling is to remove printed coatings and print. Otherwise, the performance of
recycled plastics will be reduced due to impurities and stress concentration generated
by these coatings. There are four main methods to remove them: grinding, abrasion,
solvent stripping and high temperature water machine removal coating method. The
abrasion method is more suitable for large parts rather than small parts. The solvent
stripping method releases the coating on the plastic surface by immersing the coated
plastic in a solvent. For example, this method can be used in removing coatings on
optical discs. Another technique is the removal of high-temperature aqueous-based
paint. The high temperature water environment hydrolyzes many coatings, so it is
easy to release the coatings from the plastic. But these technologies are still not perfect,
because their control of the processing conditions are very harsh. And, in these
process, the plastic substrate may be degraded, resulting in a decrease in its resale
value [6].
The next step is size reduction. There are three main purposes for reducing the size.
First, the large parts are processed into small particles for further processing. The
second is to generate particles of uniform size and shape to facilitate effective
separation in downstream processes. The third purpose is to separate different
materials. Shear shredders and hammer mills are commonly used to reduce coarse

particle size. Metals must be removed in this step because metals can damage
equipment such as granulators and grinders. After the metal is removed, granulation
and grinding can be used to further reduce the size. Granulators use a fixed screen or
grate to control the particle size. The hammer mill only allows particles that can pass
between the hammer and the wall to leave the mill to achieve the purpose of size
screening [6]. The flow chart of mechanical recycling of post-consumer plastics is
shown in Fig. 6.

Sorting

Shredder (Size reduction)
Magnetic separation

Eddy current separation

Air separation

Ferrous metals

Aluminum

Paper

Resin identification

Extrusion

Pelletizing
Fig. 6. Representative process flow diagram for the mechanical recycling of postconsumer plastics [6].

Several techniques have been developed to identify and separate plastics. The first
is the automatic plastic bottle sorting technology. But this technology has certain
limitations and is not suitable for most plastics found in some applications (such as
electronics). The second is the density sorting method, which is not very effective
because the density of most plastics is very close. The hydro cyclones using
centrifugal force improve the effectiveness of density separations, at the same time,
they enhance the wettability of the material. Another effective method is triboelectric
separation, which can distinguish two resins by simply rubbing each other. The
principle of triboelectric separator is surface charge transfer during the friction
process. When materials rub against each other, one material is positively charged
and the other is negatively charged or remains neutral. The principle of operation of
the triboelectric separator is shown in Figure 7. In the rotating drum, the particles
contact each other and change from neutral to charged. When the particles reach the
outlet, the negatively charged particles are attracted to the positive electrode, and the
positively charged particles are pulled to the negative electrode. For example, when
put the mixture of ABS and HIPS into a triboelectric separator, HIPS is negatively
charged, while ABS is positively charged. As a result, HIPS aggregated in the positive
electrode, and ABS are collected in the negative electrode [6].

Triboelectrically charged particles

Positively charged

Neutral

Negatively charged

Fig.7. The principle of triboelectric separator operation [6].
In order to make up for the inability of some technologies to identify and separate
plastics in electronic products, Result Technology AG, a Swiss company, has
developed a technology that can separate plastics in circuit boards. First, the shredded
waste is layered in a high-speed accelerator, and then the remainder is classified by
air classification, sieves and electrostatics [6].
MBA Polymers company in California has developed a proprietary technology to
identify resin in waste plastics and separate it into pure resin streams. In additional,
this company has also developed a technology to separate flame retardant (FRs)
plastics from non-flame retardant plastics. And this technique is also possible to
identify different types of flame retardant by using X-ray fluorescence (XRF)
spectroscopy. Through this technology, recycled plastics containing flame retardants
can be targeted to meet fire safety standards [6].

4.2.2. Chemical recycling:
Several methods have been developed for chemical recycling of plastics. As shown
in Figure 8, one of these processes was developed by the Association of European
Plastic Manufacturers (APME). In this method, the mixed plastic is depolymerized at
350-400 ֯C and de-halogenated. The remaining unbroken polymer bonds continue to
depolymerize at 350–450 ֯C in the Hydrogenation Unit 1. The liquid product is
distilled and hydrotreated in the Hydrogenation Unit 2 to obtain the final high-quality
products, namely waste gas and synthetic oil. These final products are sent to
conventional petrochemical processes. Any remaining inert materials that are not
separated and removed in the second depolymerization step, as well as the
unconverted plastic parts, are collected at the bottom of the distillation column and
removed as residual hydrogenated pitch [6].

Mixed plastics waste

Depolymerization< 400 C
ͦ

HCl

Metals
H2
< 100 bar

Hydrogenation 1
(liquid phase)
< 450 ͦC

Hydrogenation 2
(gas phase)
Synthol oil

Condensation
Hydrogenation
bitumen

Gas

Petrochemical processes

Fig. 8. Depolymerization of plastics and conversion processes [6].

Another method of chemical recycling of plastic is called Coke over process, which
is designed by Nippon Steel Company in Japan, as shown in the flow chart in Fig.9.
The process of coking can also be translated as the carbonization of coal. The reason
why the carbonization in the coke oven can be applied to recycle plastics is that
charged plastics can be decomposed without combustion at high temperature and
reducing environment. After the debris other than plastic, such as metals, glasses,
paper, is removed, the remaining plastic part is shredded into smaller size. The process
in the coke oven keeps high temperature and a reducing environment. What it make
during carbonization are coke, tar, light oil and gases which contain methane and
hydrogen [6].

Collecting plastics

Volume reduction,
pretreatment

Coke oven furnace

Tar and light oil

Petrochemical plant
Fig. 9. Flow chart of coke oven chemical recycling process [6].

The third way of recycling plastics is regarding plastics as a reducing agent in the
metal recovery process like reducing Fe2O3 in a blast furnace. The research in Sweden
in 2001 showed that the outlook of using plastics from end-of-life electronics as an
energy and carbon source in metals processing is environmentally bright [6].
4.2.3. Thermal recycling
Thermal recycling uses plastics as a fuel for energy recovery, due to high heat value
of plastics. It was applied in cement kiln and waste power generation. Plastics,
whether they are thermoplastics or thermosets, are derived from oil, so it has a
calorific value equivalent to or greater than coal. But this way is hard to control
environment pollution [26].
4.3. Application of plastics after recycling
Recycled plastics are used primarily in plastic lumber, outdoor furniture, and road
materials. Recycled thermoplastics is used for hot mix asphalt concrete. Mixed plastic
resins including Acrylonitrile Butadiene Styrene (ABS) and High Impact Polystyrene
(HIPS) can substitute for stone and gravel. These resins are used to enhance the bond
strength of concrete. Laminated flooring and pallets used for moving heavy goods are
another market for recycled plastics. After modification, High-Density Polyethylene
(HDPE) can be used in packaging, banners, swimming pool installation, folding chairs
and tables, plastic surgery and road construction [26]. The recycled-plastic pallets have
longer-life, are cost-effective, and are convenient alternative to the traditional wooden
pallets [6].

4.4. The properties of recycled plastic
During the recycling process of thermoplastics process, melt flow index or
rheological properties decreases. Because of the pseudo-plastic behavior of recycled
Polyethylene terephthalate (PET), it can be applied to ameliorate the rheological properties
of asphalt, like the increase of viscosity and stiffness, and improved the softening of stone
mastic asphalt [27]. Besides the application of the properties directly caused by the
recycling process, it is more common to use modification and blending technology to
change or enhance performance in order to achieve the purpose of producing high-quality
products. Blending technology is lower cost, lower technical risk and more environmentalfriendly than developing new polymers. Techniques of modifications of thermoplastics
can produce composites with better properties and durability by using different postconsumed and pristine thermoplastics. Modifications are mainly used to solve noncompatibility of various thermoplastics during blending process. For instance, Polyvinyl
Chloride (PVC) holds high melting points which is not conducive to mixing and
incorporating it in further applications like bitumen road construction. So recycled Low
Density Polyethylene (LDPE) / PVC need Ethylene-Propylene-Diene Monomer (EPDM)
as toughing agent, compatibilizer, and dispersant agent in manufacturing processes. Not
only that, modification also can improve thermal sensitivity and mechanical properties,
like add small amounts of virgin PLA in Polyethylene Terephthalate (PET) [26].
Meanwhile, recycling post-consumed thermoplastics is cheaper then exploiting
virgin plastics materials. But the point of concern for practical application is the inferior
properties, contaminations and poor suitability of waste thermoplastics [26].

4.5. The cost of recycled plastic
Based on the data posted on the Recycling Markets website, the price of PET
decreased from 13.63 cents per pound in August to 10.72 cents per pound in September
2019. At the same time in 2018, the average price of post-consumer PET beverage bottles
and jars was around 16.19 cents per pound. Moreover, the price of natural HDPE increased
by 18% from the previous month. So, it changed from 21.94 cents to 25.88 cents per pound.
And in September 2018, this grade was about 38.25 cents per pound. However, the
national average cost of color HDPE dropped a little bit, which was from 10 cents per
pound to 9.94 cents per pound. In additional, the average price of post-consumer
polypropylene was relatively stable, which is 12.38 cents per pound [28]. So compared
with dollars-per-pounds raw materials, cents-per-pounds for bottle and container-grade
plastics is more cost-effective [6].
5. Recycling of Glass Materials
5.1. Introduction
Glass is formed by quenching of a molten form mixture consisting primarily of
silicon dioxide and sodium carbonate to a rigid condition. It is non-crystalline and
normally transparent amorphous solid with a widespread application in industry and daily
life. If the past-consumed glass is shredded into particle sizes, it shows properties of
aggregate materials [29].
5.2. Technology of recycling glass materials
5.2.1. Glass to glass
Glass-to-glass recycling is considered a closed-loop recycling process
because the collected glass is used as raw material for the new products like

Cathode Ray Tube (CRT) after mechanical processing. Grinding the whole glass
into cullet without separating the panel glass and the funnel glass, which has caused
manufacturers to be unwilling to use recycled glass as raw materials. Because the
different components contained in different glasses is a hidden danger of
contaminating the entire glass furnace contents and causes the glass properties to
change, even if the pollutants are minimal. Using a special saw can reduce the risk
of this type of contamination, because it can separate the flat glass from the funnel
glass. The sawing method can completely preserve the panel glass, so it can be
identified [6].
The glass-to-glass process has some benefits. First, recycled cullet can
replace the original material, no matter its quality is equal or low, as long as its
purity is controlled by a suitable identification method, the efficiency of the furnace
can be improved, thereby reducing the energy consumption of making new glass.
In addition, since the recycled glass already has high purity, the quality of the glass
produced by this method can be guaranteed and the emissions during the glass
manufacturing process will be reduced [6].
5.2.2. Recycling of Cathode ray tube (CRT) Glass
CRT can not only complete the recovery from glass to glass, but also
separate metallic lead (Pb) and copper (Cu) through the smelting process. The lead
in CRT glass is usually used to protect people from X-ray radiation. The first step
in this process is shredding CRT, then separate plastic from the mixture. The
recovered glass part enters the lead smelter, where CRT glass acts as a fluxing agent
[6].

Compared with labor-intensive glass-to-glass recycling, this process is automated
and more cost-effective. It also provides safe working conditions because the
automated features and emission control system protect workers from harmful lead
dust. For the above reasons, the total output of the glass lead recycling process is
high. The fly in the ointment is that this process reduces the value of high-quality
glass [6].
5.2.3. Fluidized bed process for glass fiber recycling
Combustion recycling is one of the methods for recycling thermoset plastics.
Although the potential energy in the resin can be directly used as an alternative fuel,
it will convert the glass fiber in Printed circuit boards (PCBs), which are typical and
fundamental component for almost all electric and electronics equipment, into glass
slag, which greatly reduces the combustion efficiency. In fact, glass fiber contains
more energy than thermosetting resin. In order to solve this dilemma, Yan Hongzheng
and his colleagues designed a novel fluidized bed process technology, which can
recycle valuable glass fiber from non-metallic materials in waste PCBs [30].
As shown in the schematic diagram of Figure 10, fluidized bed testing equipment
has been built to recover valuable glass fibers from the non-metallic materials of
waste PCBs. After the air enters from the inlet, it is preheated by the heaters on both
sides, so that the fluid bed can be operated at a controlled temperature of 700 °C. The
air flow can be adjustable and is monitored at any time. The fluid bed is silica
sandstone, basically graded between 0.5mm and 1.0mm, with a total depth of 200mm.
Waste non-metallic materials are introduced from the feed screw below the fluidized
bed. As the thermosetting resin burns in a high temperature environment, the glass

fiber is released from the waste thermoset resins and flows out from the way above
the fluid bed driven by the hot air flow, as the glass fiber is significantly smaller than
the silica sand. Next are two cyclones, which are manufactured on the principle of
separating particles according to the size and density of particles in the airflow.
Organic components that cannot be decomposed at low temperatures (usually 400°C
or 500°C) inevitably exist in the airflow. However, exhaust gas treatment
technologies, including secondary combustion, quenching and scrubbers, are mature
enough to produce clean flue gas without violating environmental regulations. A
series of experimental results show that the fluidized bed process technology can
successfully recover glass fiber from the non-metallic materials of waste PCB without
violating environmental regulations. While the purity, morphology and surface
chemical composition of the recycled glass fibers need to be further analyzed [30].

Fig.10. Schematic diagram of the fluidized bed test facility [30].

5.2.4. Recycling of Photovoltaic (PV) materials
PV modules are efficient and pollution-free generators related to solar energy.
Because they only use the energy of sunlight, do not produce any noise, do not release
toxic gases, or even do not consume material resources, many countries have already
recognized benefits brought by the photovoltaic industry. But it is precisely because
of the vigorous development of this industry that an ensuing problem cannot be
ignored, that is, how to dispose of waste photovoltaic modules. Currently, most of the
damaged PV modules have been discarded and buried underground instead of
recycling. This too It is expected to have a negative impact on the environment [31].
The main factors that determine the life of photovoltaic modules are Ethylene Vinyl
Acetate (EVA) decomposes in the sun, external causes such as broken tempered glass,
and external influences like laminate defects of PV cells lead to the removal of
internal materials [31]. The first step in recycling photovoltaic modules is to remove
EVA resin whose function is moisture resistance. There are usually several methods
for this purpose, like dissolution with nitric acid and thermal decomposition. However,
it is found that these two methods are difficult to remove EVA in this study perfectly.
In the method of using nitric acid, it is difficult for nitric acid to penetrate into the
photovoltaic module. Although increasing the temperature of nitric acid can improve
this situation, it takes a relatively long time. In addition, the remaining white matter
after the reaction also interferes with the final recovered photovoltaic cells and
tempered glass. Similarly, thermal decomposition has its own shortcomings that it
requires the entire waste photovoltaic module to put into the furnace [31].

Sukmin Kang and his teammates designed a more effective process for recycling
waste photovoltaic modules. First, the tempered glass is recovered by using organic
solvents. The EVA is then removed by thermal decomposition. After removing the
metal electrode on the surface of the PV cell, silicon is obtained by chemical etching.
The advantage of this process is to obtain high-yield silicon, so this is good news for
the research team who is very interested in the surfactant recovery of PV modules. In
short, this experiment provides new ideas for the safe use of waste without negatively
affecting the environment. Figure 11 shows a cross-sectional view of a waste poly-cSi PV module of 975 x 1455 mm2/20 kg/200 W which used in the experiments by
Sukmin Kang and his teammates [31].

Fig.11. The typical structure of the c-Si PV modules cross-sectional view [31].

In order to recover the tempered glass, various organic solvents for dissolution and
swelling of the EVA resin were chosen. Through a series of trials of using various
organic solvents, the tempered glass in the PV cell was observed to fall off the swollen

and dissolved EVA resin when the PV cell was immersed in toluene for about 2 days
at 90 °C. Fig. 12 shows a schematic flow chart of the various steps in the recycling of
the PV module [31]. And the tests using different solubility are listed in Table 3.
Tetrahydrofuran, o-dichlorobenzene and toluene were regard as good organic
solvents to swell EVA [31].

Start

Remove back sheet
from waste PV module

Immerse PV module
in organic solvent

Recover
tempered glass

Heat treatment at 600 C
ͦ
for 1hr in furnace

Immerse PV cell in chemical etching
solution for 20 min with stirring

Recover
PV cell

Adding
surfactant

Recover pure silicon
Fig.12. Schematic flow chart revealing the recovery processes of tempered
glass and silicon from the waste PV modules [31].

Table 3. Effects of the organic solvents on the physical properties of the EVA resin [31].
Solvents
2-Propanol
4-Methyl-2pentanone
Petroleum
benzene
Tetrahydrofuran

1 min
x

30 min
x

120 min
x

210 min
x

24hr
x

48hr
x

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

○, Δ

◎

◎

◎

◎

◎

Trichlorethylene

◎

◎

◎

◎

◎

◎

Toluene
oDichlorobenzene
Glycerin
Acetone
Ethyl alcohol

◎

◎

◎

◎

◎

◎

Δ

◎

◎

◎

◎

◎

x
x
x

x
x
x

x
x
x

x
x
x

x
x
x

x
x
x

5.3. Application of recycled glass materials
Since normal use will not degrade glass materials, glass bottles and jars can be
recycled infinitely. What is more, the mechanically processed recycled glass can be used
in many construction and public utility projects as a pipeline cushion-placed around
sewers, rainwater or drinking water pipes to transfer surface weight and protect the pipes.
A type of recycled glass is also called glass aggregate, which is a mixture of crushed smallsized colored glass, instead of pea crushed stone or crushed stone. The glass aggregate is
not sharp. Another common application in the construction industry is as a filler, which
can keep concrete floors level even with a foundation [32].
Recycled glass has other applications, such as fiberglass insulation products, water
filtration media and abrasives, ceramic sanitary ware products, and can be used as a flux in
brick manufacturing, agricultural and landscaping applications, such as topsoil, root zone
materials or golf sand pit [32].

5.4. The properties of recycled glass
In the process of glass-to-glass, due to the high purity recycled glass, the quality of
the glass produced by this method can be guaranteed, while the process of glass-to-lead
reduces the value of high-quality glass [6]. According to a study by Columbia University
in New York, due to the thermal properties of glass aggregate, concrete made from
recycled glass aggregate has better thermal insulation and long-term strength. At the same
time, recycled glass greatly enhances the aesthetic appeal of concrete [32].
Using recycled glass in the manufacturing process can save raw materials and
reduce energy consumption. In principle, every 10% increase in the use of cullet will save
2-3% of energy during the melting process. The theoretical maximum potential can save
30% of energy [32].
5.5. The cost of recycled glass
The use of cullet to produce new glass products can not only reduce energy costs
by nearly 30%, but also has less equipment loss, which reduces annual maintenance costs.
All in all, it is more cost-effective to replace the original glass with recycled glass [33].
Color classification and high-purity broken glass can be sold in the United States
and Canada at a price of 60-80 US dollars, while the transportation cost of the glass needs
to be considered, ranging from 5 US dollars to 20 US dollars per ton [34].
6. Composite materials recycling
6.1. Introduction of composite materials
A composite is a combination of two or more materials with significantly different
physical and chemical properties. When they are combined, they create a material with
uniquely desired properties, such as high strength, light weight and resistant to electricity.

Due to their improved properties compared with their base materials, composite materials
are popular in industrial, sporting and transport field [35,36]. In the recycled composite
materials, 98% of the total weight is glass fiber composite materials. However, the focus
of research is more inclined to carbon fiber composite materials, which may be attributed
to the relatively high commercial value of carbon fiber. But this has also led to glass fiber
composite materials becoming a worry [36]. In 2012, Yongxiang Yang and his teammates
predicted the recycling trend of composite materials, that is, glass fiber reinforced
composite materials tend to be mechanically recycled, while thermal and chemical
methods are more suitable for carbon fiber reinforced composite materials. Because glass
fibers cannot remain intact in thermochemical processes [37].
6.2. Technology of recycling composite materials
Even if it is relatively cheap, the disposal of waste materials by landfill has been
banned by more and more countries like Germany. In recent years, more and more old
recycling processes have been developed and received attention, such as mechanical
recycling based on grinding, thermal processes represented by pyrolysis, and chemical
processes represented by solvent decomposition [36]. Table 4 summaries the various
recycling technologies based on recycling different composites [37]. Because polymer–
matrix composites are more common than other matrix composites in the market,
development of recycling technologies has focused more on polymer-matrix composite
materials [37].

Table 4. Overview of recycling technologies for different types of composites [37].

Type
composites

of Recycling
Re-melting and
remolding

Technology features




Thermoplasticmatrix composites

Chemical
recycling




Thermal
recycling



Mechanical
recycling





Thermal
recycling




Thermoset-matrix
composites


Chemical
recycling








Status of the
technology
No separation of More studies
the
matrix from the fiber for
Product as pellets or manufacturing
or
process
flakes for molding
Fiber breakage - scrap.
property degrading
much
Dissolution of matrix Not
Fiber breakage – studied
property degradation
much
Combustion
or Not
or
incineration
for studied
energy
recovery published
(option for old scrap)
Comminution
– Commercial
operation
grinding – milling
Fibers and fillers
Degradation of fiber ERCOM
(Germany)
properties
Phoenix
Fiberglass
(Canada)
Combustion
with Promising
technology
energy recovery
Fluidized-bed
thermal process for
fiber recovery
Pyrolysis for fiber
and matrix recovery
Chemical dissolution Hindered by
the market for
of matrix
recycled fibers
Solvolysis
(supercritical organic Only
solvent) / Hydrolysis laboratory
(Supercritical water) studies
Product of high- Promising
quality
fibers,
potential recovery of
resin
Inflexibility
of
solvent and potential
pollution

Type
composites

of Recycling
Re-meltingcasting

Technology features



Metal-matrix
composites (MMC)




Die-cast scrap: direct
re-melting -> casting
Foundry scrap: direct
re-melting with (dry
Argon (Ar)) cleaning
Dirty scrap: remelting -> fluxing
->degassing cleaning
Very dirty scrap:
metal recovery only
-> re-melting and
refining to separate
reinforcement from
Aluminum (alloy)

Status of the
technology
MMC is much
more
expensive than
the alloys and
reinforcements
Aiming
at
reuse of MMC

All three types of recycling methods have been widely investigated for thermoplastics
and thermoset matrix composites, and to certain extent are available for future commercial
use in industrial operations [37]. These methods are summarized below.
6.2.1. Chemical recycling
Chemical recycling is the release of fibers by using chemical dissolving agents to
depolymerize or remove resin matrix. In the end, it can yield not only clean fibers and
fillers but also depolymerized matrix in the form of monomers or petrochemical raw
materials. This method can be divided by the type of solvent used, including
hydrolysis (water), glycolysis (ethylene glycol), and acid digestion (using acid). A
more efficient method of dissolution is to use water and alcohol under subcritical or
supercritical conditions. In this process, basic catalyst, such as sodium hydroxide and
potassium hydroxide, can be applied to accelerate the decomposition rate, but how to
separate them from the recovered products is a challenge currently faced [37].

The advantage of this method is that the resin attached to the fiber is decomposed
to the greatest extent under the condition of a small loss of fibers properties. But this
method also has certain limitations. For example, the use of basic catalysts is still in
the experimental stage. If the scale of production wants to be larger, more research is
needed. In addition, this method is only suitable for situations where the types and
characteristics of discarded resins are known. This method will lose its advantages if
it is faced with multiple composite materials mixed together and cannot be effectively
separated mechanically [37].
6.2.2. Mechanical recycling
The mechanical recycling process is to cut the composite waste to 50-100 mm at a
low speed at first, then reduce the size to 10 mm to 50 μm by a hammer mill or other
high-speed grinder for fine grinding. Finally, a cyclone and sieve are used to classify
the ground fine particles into fiber-rich (coarse) and matrix-rich (finer) fractions. This
type of traditional mechanical recycling process is relatively simple but energy
intensive. Its final short chopped fiber with poor mechanical properties is usually used
as a filler reinforcement materials [37].
In 2014, Roux et al. improved the mechanical separation of fibers and resins by
improving the electric shock method which was used in mining in the early 1960s.
This method requires that the material is placed in the water between the two
electrodes and a high voltage between 50 and 200 kV is applied. Materials with high
fracture toughness are challenges for this method. The advantage of it is that no
aggressive and polluting chemical procedures are performed on post-consumer
materials [38].

6.2.3. Thermal recycling
6.2.3.1.

Pyrolysis
Pyrolysis is the thermal decomposition of polymers or depolymerization at

a high temperature of 300- 800°C without oxygen, which can effectively recover
long and high modulus fibers. The temperature can be increased to 1000 °C, but
the resulting fiber product will be severely degraded. This method is effective
for both polymer and polymer-based composite materials. In the case of polymer
matrix composites, both the reinforcing fiber and the matrix material are
decomposed into smaller molecular forms during the pyrolysis process, such as
the form of oil, gas or solid carbon. Temperature and residence time are two
important variables for fiber depolymerization and purity [37].
Compared with combustion process, pyrolysis recycles true materials rather
than energy in resins. Although both types of fibers can be recycled by this
method, because of the higher market value of carbon fibers, the heat recovery
of carbon fiber reinforced composite materials is more economically feasible
[37].
6.2.3.2.

Fluidized-bed technology
The fluidized bed technology combines two methods of pyrolysis to recover

fibers and resin combustion to recover energy. The fluidized bed recovery
process is shown in Figure 13. First, the composite waste that is ground into a
size of 25 mm is sent to a fluidized bed reactor composed of a sand bed and
preheated air. For thermoplastic composite materials, the reactor runs below
450°C; for thermoset composites, the reactor runs below 550°C. The fibers

recovered by this method are clean and their average length is 6-10 mm. By
testing the mechanical properties of recycled glass fibers and carbon fibers, it is
found that the tensile strength of recycled glass fibers is reduced by 50% at
450°C, while carbon fibers are less degraded after heat treatment at 550°C [37].

Fig.13. Fluidized-bed process for fiber and energy recovery (combustion) [37].
6.3. Application of composite materials after recycling
Recycling materials have been successfully replaced original glass fiber without
violating standard production techniques and minimize the loss of mechanical properties.
But now virgin fiber can only be partially replaced, because the properties of the fiber will
be more or less affected during recycling. While the recycled glass fiber with reduced
mechanical properties can be used to make heat-resistant insulation materials or filler
reinforcement materials [37].
6.4. The properties of recycled composite materials
The melt flow index (MFI) of recycled thermoplastic increased after reprocessing,
and screw speed is the significant factor. Studies also showed that the tensile strength and
Young's modulus are reduced, the surface appearance is poor, but the failure strain is
increased, and the moisture resistance is better. Specifically, a very high reduction in the

aspect ratio of the glass fiber was found in the recycled PET composites after the extrusion
and grinding process. The TGA analysis did not show any difference between recycled
PET and its glass fiber composites [39].
6.5. The cost of recycled composite materials
Boeing predicts that the price of recycled carbon fiber is about 70% of the price of
new carbon fiber. The manufacturing cost of carbon fiber is $15-$30 per pound, while the
cost of recycled carbon fiber is $8-$12 per pound. The energy consumed in the process of
firewood fiber is 25-75 KWH/lb, while the energy consumption of recycled carbon fiber
is only 1.3-4.5 KWH/lb [37].
7. Conclusions
With the passage of time, the demand for recyclable resources has gradually increased. The
demand for recycling technology has become increasingly prominent. Due to the negative
impact of landfill technology and combustion on the environment, these two methods are
gradually being abandoned. The current requirements for recycling are not to pollute the
environment, not to sacrifice the properties of materials obtained from recycling, and that they
can be widely used in production and life. Reusing discarded metals, glass, plastics, fly ash
and composite materials into building materials not only helps to treat wastes that are nowhere
to be placed, but also allows the materials to play a longer role.
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